A relationship between dislocation internal friction, microplastic and macroplastic behaviour of crystals has been considered. Main attention has been paid to the shape of the dislocation hysteresis responsible for the amplitude-dependent internal fiction (ADIF) and to a comparison between the macroyield stress c, and microyield stress G, evaluated &om the ADIF. It is shown that the same functional form of the ADIF curve may be due to different types of the dislocation hysteresis loop. A proportionality (similarity law) between the temperature dependences q(T) and o,(T) has been demonstrated. Deviations &om the similarity law can be used for analysis of the low and high temperature anomalies of cc(T). The thermal vibrations of atoms rather than the thermal fluctuations are concluded to be responsible for the yield stress temperature dependence.
INTRODUCTION
A dislocation approach to crystal plasticity was suggested by Taylor [l] , Orowan [2] and Polyani [3] in 1934. It was noted by Orowan [4] that the idea of a linear imperfection of the crystal lattice (in fact, a lattice dislocation) was put forward by Prandtl [5, 6] as early as 1913 to explain the elastic hysteresis -one of the manifestation of the internal friction (IF). Thus, the lattice dislocations were first introduced in the field of internal friction (see a review by Seeger and Schiller [7] for details) and then used in crystal plasticity. However, in spite of the common roots, a relationship between the macroscopic plastic deformation and dislocation internal friction is still a subiect of discussion.
Normally, the dislocation internal friction increases with increasing the vibrational strain amplitude EO, and is considered to consist of amplitude-dependent and amplitude-independent parts. Davidenkov [S] in 1938 theoretically showed that the amplitude-dependent internal friction (ADIF) may result from a nonlinear hysteresis due to microplastic deformation. He assumed the microplastic strain ~d to be a power function of the stress o
& d a d n J
(1) and obtained a power law for the amplitude-dependent decrement tYh where oo = M.c0 is the stress amplitude, M is the elastic modulus and n=m-l. Read [9, 10] two years latter experimentally demonstrated a strong influence of plastic deformation on the internal friction within a wide range of EO and pointed out the role of dislocations in hysteretic ultrasonic damping. Forster and Breitfeld [l l] were the first to measure internal friction directly during plastic deformation and to find a component of IF depending on the strain rate. Bordoni [l21 showed that plastic deformation leads to a relaxation peak in the IF temperature spectra.
On the other hand, there is an obvious difference between the macroscopic plastic deformation and dislocation internal fi-iction (which is in digerent characters of dislocation motion, different barriers for Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1996855 dislocations to overcome, different types of dislocations involved, different role of dislocation multiplication, etc.); therefore, mechanisms controlling these phenomena are generally considered to be different. However, many efforts (see, for example, papers by Brown [13] , Schwarz et al. [14] , and Kardashev [15] ) have been done to elucidate a linkage between the dislocation internal friction, microplastic and macroplastic deformation. This linkage manifests itself in the following experiments:
(i) Amplitude-dependent internal friction. From the ADIF data it is possible to evaluate the stressstrain response in microplastic region and to determine the microyield stress, which can be compared to the ordinary (macroscopic) yield stress.
[ii) Bordoni relaxation. Analysis of the Bordoni relaxation makes it possible to estimate the Peierls stress o,. For pure materials, o , should be close to the critical resolved shear stress at low temperatures (near T=O).
[iii) Internal friction during ~lastic deformation. These measurements can be used to obtain in situ information on the evolution of the dislocation structure and active slip systems and also for studying the influence of various factors (such as illumination, ultrasonic vibrations, electric field, etc.) on plastic behaviour.
Problems of the Bordoni relaxation have been discussed in many review papers and monographs (see, for example, [7, 16] ); the most recent comprehensive reviews have been published by Fantozzi et a1. [17] and Ritchi and Fantozzi [IS] . Internal friction during plastic deformation have been recently reviewed by Lebedev [19, 20] . The present paper deals with the amplitude-dependent internal fliction.
Three peculiarities of the ADIF frequently observed in experiments at the early stages of the decrement amplitude dependence are important for the relation of the A D F to micro-and macroplastisity. 
NONLINEAR DISLOCATION HYSTERESIS AND MICROPLASTICITY
Baker [40] in 1962 suggested a simple algorithm to evaluate average dislocation velocities from the 6~, (~0 ) curves and , in fact, showed an empirical way to obtain the reversible microplastic (or dislocation) strain from the ADIF. He used Eqn. (3) and an approximation for the modulus defect (e.g. [16] ) then Under steady state vibrations, the strain rate & , is proportional to the strain &d : = 4fcd, where f is the frequency of vibrations and ~d is, actually, the dislocation strain corresponding to the amplitude value of the elastic strain EO (in this section, E~(EO) will be denoted as sdm). Then, the dislocation velocity V can be expressed using the well known Orowan relation E, =pbV [4] , where p is the dislocation density and b is the Burgers vector. It should be pointed out that Eqn. (6) is independent of the type of hysteresis loop. Let us consider the effect of the loop shape on the accuracy of the dislocation strain and velocity evaluated from the ADIF.
According to the classification given by Asano [41] , there are two general models of nonlinear dislocation hysteresis responsible for the ADIF: the well known Granato-Lucke breakaway model [42] , according to which a dislocation overcomes the same row of point defects during each half-cycle of vibration, and the frictional model, according to which dislocations move through various obstacles and this motion can be phenomenologically described by some frictional force. Asano derived general integral equations between the E~(C$ response and the 6h(ao) dependence for both types of hysteresis loop. The frictional symmetrical loop equation has the solution (equation (25) in [41] ), which allows one to evaluate the E~(C$ response from the measured 6h(oo) curve [41, 43] . Nishino and Asano [43] used this solution to give an analytical expression for the dislocation velocity through the &(DO) curve without any assumption on the modulus defect. In the particular case of Eqn. (2), the solution of Eqn. (7) yields [41] the Davidenkov loop.
However, the Davidenkov loop is not the only frictional symmetrical loop, satisfying Eqn. (7) in the case of the power function (2) . One of the main features of the Davidenkov loop (the dashed line in Fig.1 ) is the presence of a restoring force. The solid line in Fig.1 is the loop with no restoring force W). The NRF-type loops were, in particular, applied for the ADlF computer simulations [44, 45] . In this loop, E~(C$ remains constant (equal to &drn .for decreasing and -&dm for increasing the stress) until the stress reverses its sign. If we assume nonlinear branches of the NRF loop to obey Eqn.(l), then Eqn. (7) yields Eqn. (2) for the decrement (obviously, the NRF loop should be the same for both the absence of any restoring force and for a restoring force, which is in equilibrium with a pinning force at . cd(CT) =IE~,~). One can define a parameter R, characterizing efficiency of the restoring force, in such a way that ~d = -&dm , when -Roe > a2 -oo and ~d = .cd(C$ , when a2 -Roo , for increasing a ; ~d = &drn , when Roo <oleo and ~d = .sd(C$ , when a -< R o o , for decreasing a . Fig.1 is the loop for R=0.5. Theoretically, R may be varied from I to -1. The smaller is R, the weaker is the restoring force (i.e. the stronger is the pinning force). At R=-l, the loop transfers to a box, which gives amplitude independence of the internal friction.
It is clear from the above that Eqn. (7) has no unique solution; in other words, the same functional type of the Sh(a0) curves may be due to different kinds of the hysteresis loop and, hence, to different microplastic strain-stress responses. Thus, the amplitude-dependent decrement only is not enough to evaluate the absolute values of the dislocation strain and dislocation velocity.
As has been shown by Lebedev [46, 47] , the ratio r from Eqn. (3) is sensitive to the type of the hysteresis loop. For the case of the power function (2), exact formulae r(n) have been derived for the Granato (2) The dislocation strain evaluated by the Asano algorithm (yielding the Davidenkov loop) also differs by a factor, depending -0 only on n, from ~d for the NRF loop.
(3) all the factors, within the practically interesting region (n < 5), are of the order of unity. (for this particular case, m=3). All the loops are normalized with respect to E~.
Fig2 shows the 6h(ao) curves measured at 100 kX3. z by Ivanov et al. [48] within the temperature range 6.5 -295 K in Mg polycrystals Figure 2 . The amplitude-dependent decrement 6h for increasing the strain amplitude E,, in commercial purity magnesium sample (data by Ivanov et al. [48] ). The dashed line corresponds to Ed=constant. with a crystallographic texture (the majority of grains had an orientation [OOOl] ). Each of the curves corresponds to the first measurement on increasing the amplitude after annealing at room temperature for two days (this time was enough to recover the initial ADIF curve after ultrasonic exitation during the previous measurement). All the curves in Fig.2 exhibit a critical amplitude, at which a change in slope in the double logarithmic scale takes place. The curves on decreasing the amplitude showed higher values of the decrement for all investigated temperatures (they are not shown in Fig.2 ). Such amplitude hysteresis is generally attributed to an increase in the density of mobile dislocations under ultrasonic vibrations (due to multiplication or unlocking from the point defect atmospheres). The critical amplitude indicates the starting point for the multiplication (or unlocking). The dashed line in Fig.2 corresponds to Eqn.(6), i.e. it is a hyperbola &d=const. It is clear from Fig.2 that the critical amplitudes for various temperatures are on the line of constancy of and, hence, the dislocation multiplication (or unlocking fiom the atmospheres) does not take place until the dislocation strain reaches a certain value. In other words, the dislocation multiplication (unlocking) is determined by a critical level of the dislocation strain and depends on temperature only due to the fact that there is a temperature dependence of ~d in the microplas~ic region (below the critical level); and the dislocation multiplication (unlocking) itself is an athermal process. The gd(T) dependence follows from Eqns. (4)- (6) as Fig.3 shows the temperature dependence of the yield stress oc(T), which is compared to the temperature dependence of the ultrasonic amplitude on), provided a constant level of the dislocation strain below the critical level indicated by the dashed line on Fig.2 . It is seen that both curves give a good coincidence (similarity) in relative units.
SIMILARITY LAW BETWEEN THE MICROYIELD AND MACROYIELD STRESSES
Lebedev and Kustov [48, 50] used Eqn. (6) and showed that for a large variety of crystals at low (T<0.3Tm) temperatures, the temperature dependence u p ) of the microyield stress (evaluated fkom the ADIF as a stress at a constant level of ~d ) is proportional to the temperature dependence o,(T) of the ordinary (macroyield) stress. For the manifestation of this similarity law, the ADIF should be approximated by Eqns.(3) and (4). Various definitions of the microyield stress (at a constant level of the decrement or the hysteresis loop area) were discussed elsewhere [5 l] , and only the stress, providing a constancy of the dislocation strain, was demonstrated to be proportional to the macroyield stress. The microyield stress can be obtained from the ADIF at the level of ~d as small as 10-l0 -10-', when the dislocation strain is completely reversible (it is clear form the Section 2 that both Eqns. (6) and (7) can be applied with essentially the same results). The absolute value of o, can be one-two orders of magnitude smaller than DC- This section gives some examples of the similarity law and shows application of the law to analysis of micro-and macroplasticity of crystals. Fig.4 shows the 6h(00) curves for polycrystalline silicon bronze measured by Pilecki et al. [24] at various temperatures. The solid lines correspond to the power law (2) with n=1.2. The dashed line is a hyperbola E~~X I O -~.
Experimental observations
The points of intersection ofthe E~~X Z O~ and &(a) curves give the temperature dependence of the microyield stress 00)). Comparison between the o n ) and oc(T) measurements demonstrates (Fig.5) that the similarity law in the silicon bronze holds well [25] .
The similarity law in zone refined MO single crystal [37] is valid at T 4 8 0 K (Fig.6) . A deviation fkom the similarity is observed at D180K.(when the point defects become mobile and the ADIF is not a singlevalued function of the amplitude any more). The deviation is due to the process of immobilization of dislocations by point defects, which is much more effective for the microyield than for macroyield stress. This type of deviation is very well pronounced in impure AE [26, 27] .
It is well known that sometimes the temperature dependence of the yield stress in crystals, instead of a normal increase of the stress with decreasing T, exhibits maxima (or flattening) at low (T<40K) Pilecki [25] ). Relative change in both o, and cs z, is the critical resolved shear stress, r, is the microyield scales is the same. shear stress evaluated fiom the ADIF. ... [38] for the microyield stress and by Feltham and Meakin [58] for the macroyield stress in Cu show that the similarity law with respect to the grain size is not valid.
temperatures. The nature of the low T anomaly is still under discussion. Several mechanisms have been suggested in the literature: (i) inertial or thermo-inertial overcoming of point defects [14, 52] ; (ii) quantum tunneling of dislocations through barriers [52] ; (iii) local heating of slip bands [53] ; (iv) changing the dislocation multiplication contribution to the yield stress [53] . Fig.7 gives an example of the anomaly of o,fl measured by Didenko and Pustovalov [54] in A1 single crystal. The microyield stress, evaluated from the ADIF data by Lebedev and Ivanov [27] , Schwarz and Granato [55] , and Kosugi and Kino [56] , shows no anomaly. Thus, the deviation fiom the similarity law allows one to identify the physical mechanisms of the low T anomaly. In particular, the results for pure Al, presented in Fig.7, exclude all the mechanisms, but (iv) .
It is more difficult to explain the similarity law itself than its violation. At present, the similarity law is observed in single crystals of different lattice structure and various purity: NaCI, NaF, LiF, MgO, W, Al [49, 50] , MO [37, 49, 50] and Al-Si-Fe [26, 27] and in polycrystals: Mg [49, 50] , silicon bronze [25] and FeCr alloys [57] . It should be noted that there is no similarity between the microyield and macroyield stresses as a h c t i o n of the grain size (see Fig.8 , where the data by Goto et al. [38] for D, are compared in the HallPetch plot w i t h the data by Feltham and Meakin [58] for o,) and the impurity concentration [39, 59] . From the ADIF data measured by Lebedev et al. [29] during the early stage of plastic flow of NaF single crystals, it is clear that o, decreases with deformation, in contrast to a slight increase in o,.
Nishino and Asano [60] and Nishino et al. [61] , investigating the ADIF in Al t h i n films, found a proportionality between G, and o, as a function of film thickness t. Both stresses vary as l/t, which can be well explained by a pinning of dislocation segments at the film surface and film-substrate interface [61] .
If there exists any physical reason for the similarity law with respect to temperature, it should be related to the origin of the yield stress temperature dependence.
Temperature dependence of the yield stress
The yield stress temperature dependence is generally considered [62-651 to be a consequence of the thermofluctuational nature of plastic deformation when the plastic strain rate can be express as where E. is a pre-exponential factor, ~( o * )
is the stress-dependent activation enthalpy and o*=o-o, is the so-called effective stress, which is the difference between the applied and internal stresses. The latter is considered to be independent of temperature (with an accuracy of the elastic moduli temperature dependence). Then, o(T) can be obtained by solving Eqn.(lO) under the condition t-, = const. In this case o(T) is mainly determined by the function ~( o * ) , which depends strongly on the specific mechanism of dislocation-barrier interaction.
In b.c.c. metals, screw dislocations are much less mobile than non-screw ones; therefore the macroplastic deformation is controlled by the Peierls barrier -screw dislocations interaction [66, 67] .
Existence of the ADIF in pure b.c.c. metals (see, e.g., [68, 69] ) can be attributed only to the interaction of edge (or mixed) dislocations with point defects.
In polycrystals, microdeformation (at ~d < 10-~) occurs inside a small amount of independent individual grains, whereas a collective shear propagation takes place during macrodeformation. Grain boundaries play minor role in the former case, but they are effective barriers for dislocations in the latter case [70-721. Validity of the similarity law in polycrystals (Fig.5 ) and in pure b.c.c. metals (Fig.6) , where the mechanisms of micro and macroplasticity are known to be different, allows us to conclude that the similarity law is not in agreement with Eqn.(lO) [25, 73] .
Alternative approach to the description of o(T) is to account for the thermal vibrations of atoms rather than the thermal fluctuations. Dietze [74] and Khulman-Wilsdorf [75] applied this approach and calculated a reduction of the Peierls stress o, with increasing temperature. Leibfiied [76] and Saul and Bauer [23] showed that the stress for overcoming point defects by a dislocation also depends on the meansquare amplitude of atomic vibration <u2>. Nabarro [77] recently pointed out that the results obtained by Dietze [74] and Kuhlman-Wilsdorf [75] can approximately be expressed in the same form:
where oo is the stress at T=O and A is a material-dependent factor, which is 1013 times higher in Ref. [74] than in Ref. [75] . According to Wang [78] , the data on a,(T) for crystals, having low ap, agree better with the Kuhlman-Wilsdorf theory, whereas high-a, crystals are in consistent with the Dietze prediction.
In contrast to the thermofluctuational concept, the <u2> approach does not relate the temperature dependence o(T) to the strain rate. Independence of the strain rate (at a constant stress) and a proportionality of the strain and stress rates are features of the stress-induced plasticity [79-811. Eqn. (9), which obeys both condition, describes, in fact, the stress-induced plasticity. If the temperaturedependent function in (9) has a form f i x exp [A T ] , then the stress at .cd=const will obey Eqn.(l l), frequently observed (see, for example, Fig.6 ) in experiments for microyield [26, 27, 37] and macroyield [82, 83] stresses. The <u2> approach may be a basis for the similarity law. A proportionality between the experimental <u2> values and the macroyield stress, reported recently by Butt and Chaudhry [83] , confirms this assumption.
CONCLUSIONS
(1) Microplastic stress-strain response can be evaluated fiom the ADIF in absolute units only if there is information about the shape of the dislocation hysteresis loop, or on the amplitude-dependent modulus defect. There is one-to-one correspondence between the former and the latter.
(2) The similarity law og) cc ac(T) can be explained by the temperature dependence of the stressinduced plasticity.
(3) Such temperature dependence is provided by taking into account the mean square amplitude of atomic vibrations (the functionfi(i) in Eqn.11 plays a role of the Debye-Waller factor).
(4) Three components contribute to*the yield stress: (i) o i is independent of temperature but depends on the dislocation structure, (ii) CA depends on temperature in accordance with the Arrhenius; type equation (9) , which is responsible for the strain rate sensitivity, relaxation and creep, and (iii) as depends on temperature due to <u2>. The latter component gives the main contribution to the yield stress temperature dependence, which leads to the similarity law.
(5) Deviations from the similarity law may be used to identify the mechanism of the yield stress temperature dependence anomalies.
